Proteins are commonly destabilized by acid with maximal unfolding typically occurring near pH 2~Linderström-Lang, 1924; Tanford, 1970; Matthew et al., 1985; Yang & Honig, 1993; Oliveberg et al., 1994; Garcia-Moreno, 1995 !. In many cases, a further decrease in pH, or the addition of salt, leads to a collapse of the unfolded chain into a compact "denatured" state referred to as the acid or A-state~Goto et al., 1990; Fink et al., 1994 !. The A-state is stabilized by anions contributed from either acid or salt. It has been shown to exist for a diverse array of proteins ranging from nearly all a-helical to largely all b-sheet~Fink et al., 1994!. In every instance described to date, the properties of the A-state have been those of the so-called molten globule~Ptitsyn, 1987 globule~Ptitsyn, , 1995 Kuwajima, 1989; Fink et al., 1994; Fink, 1995!, i .e., a folded intermediate with native-like secondary structure as indicated by the far-UV CD spectrum, but an expanded structure with a radius of gyration approximately 10-20% greater than that of the native state, loss of close packing tertiary contacts as indicated by the absence of near-UV CD and NMR chemical shift dispersion, and exposure of hydrophobic patches as indicated by enhanced fluorescence of the dye ANS. The acid-induced molten globule appears to be a nativelike structure that has been forced to expand due to electrostatic repulsion and therefore represents a folded protein in which the close packing of the core has been prevented. As such, it is thought by many to resemble an "on pathway" intermediate in protein folding that might occur prior to the final reinforcement of the native cooperative structure~Ptitsyn et al Baldwin, 1991; Jennings & Wright, 1993!. If the molten globule is a general intermediate in protein folding, it should be possible to generate such a structure for any protein. It has therefore been proposed to be a general physical state of globular proteins~Ohgushi & Wada, 1983; Ptitsyn et al., 1990; Stigter et al., 1991; Haynie & Freire, 1993; Sanz et al., 1994; Fink, 1995!. Although molten globules can be formed by various perturbations of the native state, the acid-induced folded states have been the most commonly studied species. However, there has been rel-atively little work on characterizing the structural basis for the formation of the acid-induced molten globule~Finkelstein & Shakhnovich, 1989; Goto & Nishikiori, 1991; Stigter et al., 1991; Haynie & Freire, 1993 Hagihara et al., 1994; Yang & Honig, 1994; Freire, 1995; Kay & Baldwin, 1998 !. It is not clear why stabilization of a protein by anion binding at low pH leads to an incompletely collapsed native structure, and not the native structure. We show here that in at least one case acidinduced folding of a protein is capable of achieving the native state.
Sac7d is a small~66 residue, 7,600 MW! DNA-binding protein from the thermoacidophile Sulfolobus acidocaldarius, an archaeon growing up to 85 8C in hot springs around the world~Brock et al., 1972; Grote et al., 1986; Stetter et al., 1990 !. The protein folds into a compact, globular monomer with a hydrophobic core of 10 side chains including two tyrosines and two phenylalanines~Fig. 1! Edmondson et al., 1995!. As might be expected for a chromatin protein, it is highly basic with 14 lysines, 4 arginines, 7 glutamates, and 5 aspartates. The protein has proven to be exceptionally well behaved for structural thermodynamic studies of the origin of hyperthermophile protein stability with a T m at pH 7 of 90.7 8C and a maximal stability of 6.2 kcal0mol at 17 8C~McAfee et McCrary et al., 1996 McCrary et al., , 1998 !.
Results

Circular dichroism
Both the near-and far-UV CD spectra of Sac7d are pH dependent in the absence of salt and indicate protein unfolding with decreasing pH down to pH 2, and then refolding at lower pH~McCrary et al., 1998!. The far-UV spectra indicate that maximal unfolding viz. 75%! is obtained at pH 2 in the absence of added salt~Mc-Crary et al., 1998!. The near-UV spectra showed that tertiary contacts are maintained in the remaining folded protein~Fig. 2!. Addition of salt~0.3 M KCl! at pH 2 led to refolding and a near-UV CD spectrum essentially identical to that observed at higher pH~e.g., pH 3.5 and 5!. Similarly, decreasing the pH to 0, either in the presence~Fig. 2! or absence~McCrary et al., 1998! of KCl, also led to refolding and a near-UV spectrum similar to that observed at high pH. For comparison, the near-UV CD spectrum was lost upon increasing the temperature to 99 8C at pH 0. Thus, Sac7d folding at pH 2 is promoted by either salt or acid, and the resulting structure appears to have native-like tertiary structure. ANS fluorescence has been used to detect the presence of hydrophobic regions in proteins~Stryer, 1965! and as a diagnostic indicator of the collapsed, molten globule state~Mulqeen & Kronman, 1982; Semisotnov et al., 1991!. Although ANS binds to proteins through electrostatic interactions~Matulis & Lovrien, 1998!, the fluorescence of ANS is enhanced by the presence of exposed hydrophobic regions. The fluorescence of ANS was unaffected by native Sac7d at pH 7~Fig. 3!. In the absence of salt at pH 2, where about 75% of Sac7d is unfolded, there was a sixfold enhancement of ANS fluorescence~at 500 nm!. In contrast, the fluorescence of ANS was relatively unchanged in the presence of the acid-or salt-induced folded forms of Sac7d. Acid-induced folding~pH 0! led to a slight loss in fluorescence intensity while the salt induced folded form at pH 2 showed a 1.5 fold enhancement relative to the native at pH 7. Both acid-and salt-induced forms showed essentially the same negligible effect on ANS fluorescence enhancement as the native state, which indicates that the salt-and acid-induced folded states are not molten globular. As a control, we measured the effect of native and molten globule a-lactalbumin on ANS fluorescence~Fig. 3!. Although ANS fluorescence was unaffected by the presence of the native state of a-lactalbumin at pH 7, formation of the molten globule by titration to pH 2~Kuwajima et al., 1976; Fink et al., 1994! led no significant difference in Sac7d structure. Indeed, the HSQC spectra in the presence of 0.3 M KCl at pH 2 and 0 are identical, except for the loss of a few peaks due to more rapid chemical exchange at the lower pH. The NMR linewidths are consistent with monomeric native, acid-, and salt-induced folded forms. This is further supported by monomeric two-state unfolding for all three species~McCrary et al., 1996!. We conclude that the structures of the acid-induced folded state at pH 0 and the saltinduced form at pH 2 are identical.
We focus here on pH-dependent 1 H chemical shift changes greater than 0.1 ppm and 15 N shifts greater than 1 ppm in the presence of salt with the intent of comparing the acid-and salt-induced folded states to the native state. Briefly, the largest change in the amide 1 H chemical shifts induced by decreasing pH in the presence of salt occurred at the C-terminal Lys66, which shifted downfield Dd NH ϭ ϩ0.43 ppm! due to an "intrinsic titration shift"~Bundi & Wüthrich, 1979! reflecting through-bond inductive effects due to the titration of the C-terminal carbonyl with an apparent pK of 3.2. The next most significant changes occurred in the connecting 3 10 helix between the b-ribbon and the following three-stranded sheet Ser18, Dd NH ϭ Ϫ0.92 ppm!, in the loop between strands 2 and 3 of the sheet~Asn37, ϩ0.54 ppm; Gly38, Ϫ0.70 ppm!, and also in the N-terminal NH of the a-helix~Glu53, Ϫ0.79 ppm!. The largest changes in 15 N chemical shift occurred in the same locations, i.e., the amide nitrogen of the C-terminal Lys66, which shifted upfield Dd N ϭ Ϫ5.4 ppm!, in the connecting 3 10 helix~Ser18, Ϫ2.6 ppm!, and then in the open loop~Asp36, Ϫ3.77 ppm; and Asn37, ϩ3.1 ppm!.
A closer look at the changes in the chemical shifts as a function of pH provides some insight into the effect of pH~Fig. 5; Table 1!. Fig. 3 . Fluorescence emission spectra of ANS in the presence of Sac7d and a-lactalbumin at pH 7, 2, and also at pH 0 for Sac7d. All spectra were collected with 1 mM protein and 250 mM ANS at 25 8C. The emission spectrum of ANS in the absence of protein was insensitive to pH and salt and was similar to that observed at pH 7 in the presence of Sac7d or a-lactalbumin.
In the amino terminal b-ribbon, a very small effect of pH on the NH and N chemical shifts of Glu11, Glu12, and Glu14, was observed, with the magnitude and direction of the pH induced shift consistent with through-bond inductive effects~Bundi & Wüthrich, 1979 !. These data indicate that the effect of titration of these acidic residues has little effect on the structure of the protein in this region and the apparent pKs are approximately 3.7 to 4.1. As indicated above, the first residue in the sequence with a significant perturbation was at Ser18 with a large upfield shift~Ϫ0.92 ppm! of the NH with decreasing pH~Fig. 5A!. The apparent pK indi- E1 proton of the single tryptophan~W24! appears in the lower left corner of the spectra at pH 2 and 4. Neither the asparagine NH 2 or the W24 NH E1 protons could be observed at pH 0 due to fast exchange with solvent.
cates a titrating group with a pK of about 2.8. Residues 16 through 19 are involved in a single turn of 3 10 helix connecting the b-ribbon with the following three-stranded sheet. The size and direction of the pH-induced shift of Ser18 NH are consistent with the titration of a carboxyl group hydrogen bonded to the NH~Bundi & Wüthrich, 1979!. The NH of Ser18 is solvent exposed and is probably hydrogen bonded to the carboxyl of Asp16, and thus its chemical shift most likely reflects the titration of Asp16. The reduced apparent pK indicated by the NH of Asp16~i.e., 2.54-2.81! supports this interpretation.
None of the amide chemical shifts in the first and second strands of the b-sheet~Lys21 through Tyr34! were affected significantly by pH. This is a basic region of the sequence~3 lysines, 1 arginine! and contains no acidic residues. The next most affected resonances are solvent exposed and are located in the loop between the second and third strands of the three-stranded sheet composed of residues 36-40~Fig. 5B!. The carboxyl side chain of Asp35 is in close proximity to the NH of Asp36 as well as that of Gly38, and the carboxyl of Asp36 is hydrogen bonded to the NH of Asn37. The pKs of both aspartates appear to be around 3.2 to 3.4. In the third strand of the b-sheet that follows, some small but clear effects were seen for the NH protons of Gly41, Ala44, and Ser46, with the amide nitrogen shift of Gly41 showing a significant variation with pH. These effects are relatively small and do not appear to be derived from structural perturbations since the large ring current shifts observed for the C a H of Gly41 and Gly43 are largely unaffected by pH~see below!. In the succeeding 3 10 helix, perturbations were observed for the nitrogen chemical shift of the amide nitrogen of Glu47 and Asp49 due to titration of the carboxyl side chains of these groups with magnitudes comparable to that seen for Glu11, Glu12, and Glu14 in the b-ribbon. Finally, the effect of decreasing pH on the amide chemical shifts of the a-helix were small except for the NH of Glu53 at the N-terminal of the helix and the C-terminal Lys66~Fig. 5C!. The size and direction of the pH-induced shift of Glu53 NH is that expected for an intraresidue hydrogen bond between a Glu NH and its own carboxyl side chaiñ Bundi & Wüthrich, 1979; Mayer et al., 1979 !. As noted above, the magnitude and direction of the pH-induced shift for the NH of Lys66 is that expected for through-bond induced effects from the terminal carboxyl.
Thus, the most significant differences between the native, acid-, and salt-induced folded state amide 1 H and 15 N chemical shifts were observed primarily at exposed amides and are attributed to titration of carboxyl groups hydrogen bonded to the affected amide protons. The terminal Lys NH is the primary exception and this can be explained by inductive effects. There is no evidence in the HSQC spectra for significant differences between the native structure and those of the acid-and salt-induced states.
Ring current shifts
Ring current effects are exquisitely sensitive to the structure and packing of aromatic side chains in proteins due to a strong dependence on both distance and orientation relative to the plane of the aromatic ring~Dwek, 1973; Williamson et al., 1992; Case & Wright, 1993 !. The side chains of two tyrosines and two phenylalanines are packed within the hydrophobic core of Sac7d~Fig. 1! and lead to significant ring current-induced shifts in adjacent residues~Ed-mondson et al., 1995!. The chemical shifts of affected backbone and side-chain protons in Lys9, Lys13, Ile20, Ser31, Gly41, and Gly43 were monitored by two-dimensional~2D! DQF-COSY as a function of pH~Table 2!; and the magnitude of the ring current shifts showed little change from pH 4.5 to 0 in 0.3 M KCl. The small changes indicate that the tertiary structure and core packing of the native, acid-, and salt-induced folded states of Sac7d are essentially identical.
Small angle X-ray scattering
Small angle X-ray scattering was used to measure the radius of gyration~R g ! of Sac7d as a function of pH in the absence of salt. The X-ray scattering profile of Sac7d in 0.01 M KH 2 PO 4~p H 7.0! was found to be typical of globular proteins with little dependence on protein concentration. Guinier plots~i.e., ln@~I~Q!# vs. Q 2 ! were linear at small Q~Fig. 6!, and extrapolation to zero Q gave a molecular weight of 7,500, consistent with the protein being monomeric. The slope of the Guinier plot indicates an R g for Sac7d of 12.8 6 0.3 Å at pH 7.
The distance pair-distribution function P~r! calculated from the scattering curve of Sac7d~Fig. 7! is another indication of the shape and size of the scattering particle. The P~r! function of Sac7d at pH 7 shows an approximately symmetrical peak characteristic of globular proteins with a maximum dimension d max of about 35 Å. The second moment of P~r! is a more reliable method of determining R g than the Guinier approximation and gave an R g of 12.4 6 0.1 Å for Sac7d at pH 7. The R g measured by X-ray scattering~12.4 Å! is in good agreement with that calculated from the NMR solution structure of Sac7d~entry 1sap in the Protein Data Bank! using the program HYDROPRO~de la Torre et al., 2000! with an atomic equivalent radius~AER! of 2.7 Å. The expected AER for proteins in vacuo is about 1.8 Å, and the difference~0.9 Å! is attributed to the hydration layer. The mean AER for proteins with molecular weights less than 100 kD is 2.6 6 0.3 Å, and thus Sac7d does not appear to exhibit any unusual hydration effects.
The radius of gyration of Sac7d obtained from scattering data collected in low salt was found to be dependent on pH. At pH 2 in the absence of salt the R g increased to 18.7 6 1.0 Å as determined by the Guinier approximation, and 22.0 6 0.2 Å as determined from the second moment of the P~r!. Further, the P~r! distribution function indicated an expanded structure with a d max of about 55 Å, consistent with a largely unfolded protein. The bilobal P~r! is similar to that observed for a number of other unfolded proteins, and a Kratky plot, I~Q! ϫ Q 2 vs. Q~not shown!, of the scattering data was consistent with an unfolded chain at pH 2~Kataoka et al., 1997!.
The scattering profile of Sac7d in 0.01 M KH 2 PO 4 at pH 2 contained a large contribution from the interparticle structure factor, as indicated by a decrease in scattered intensity for low Q datã Fig. 6 !, and this effect could not be eliminated completely by extrapolating to zero protein concentration. At pH 2 repulsive forces between highly charged Sac7d proteins give rise to strong interparticle interference effects. Therefore, the R g calculated for Sac7d at pH 2 may be underestimated, but this does not change the conclusion that the protein is mostly unfolded at pH 2 in the absence of salt.
At pH 0 the Guinier approximation indicates an R g of 12.8 6 0.2 Å, identical to that found for Sac7d at pH 7. Also, the P~r! distribution function is identical within experimental error to that obtained at pH 7 with a d max of 36 Å. The second moment of the P~r! gives an R g of 12.5 6 0.1 Å for Sac7d at pH 0. These observations indicate that the acid-induced folded state has a R g identical to the native state.
Discussion
Spectroscopic and scattering data demonstrate that the acid-and salt-induced folded states of Sac7d have a size and fold essentially identical to that of the native state. The methods utilized here are those commonly used to demonstrate the existence of a molten globule, which is typically indicated by a loss of the near-UV CD spectrum and reduced NMR chemical shift dispersion due to loss of tertiary interactions, enhanced ANS fluorescence enhancement due to the presence of hydrophobic surface area, and an expanded structure indicated by an increased radius of gyration~Kuwajima, 1989!. Surprisingly, all of the data presented here indicates a native state under the conditions that are expected to create a molten globule in a protein that undergoes acid-and salt-induced folding.
The increased size of the molten globule relative to the native state is one of its most interesting and defining characteristics Goto & Fink, 1989; Damaschun et al., 1991; Fink et al., 1993; Kataoka et al., 1993 Kataoka et al., , 1995 Kataoka et al., , 1997 Gast et al., 1994; Doniach et al., 1995; Eliezer et al., 1995; Semisotnov et al., 1996; Chen et al., 1996; Ikeguchi et al., 1997!. For example, the acid molten globule of a-lactalbumin shows a 9% increase in R g~f rom 15.7 to 17.2 Å! Kataoka et al., 1997!, apomyoglobin shows a 13% increase~17.5 to 19.7 Å!~Kataoka et al., 1995!, and cytochrome c a 29% increasẽ 13.5 to 17.4 Å!~Kataoka et al., 1993!. The lack of expansion of the Sac7d acid-folded state relative to the N state~12.4 6 0.1 Å for the native from the second moment of the P~r! function, and 12.5 6 0.1 Å for the acid folded state! is therefore taken as strong evidence against the acid-folded state being a molten globule.
The fluorescence enhancement of the dye ANS is also typically used as an indicator of a molten globule state~Mulqeen & Kronman, 1982; Goto & Fink, 1989; Semisotnov et al., 1991; Fink et al., 1994!, presumably due to interactions with hydrophobic patches~Stryer, 1965!. Typically, the fluorescence is unchanged in the presence of the native state, while the unfolded state leads to some enhancement, e.g., sixfold in parvalbumiñ Fink et al., 1994! and twofold in b-lactamase~Goto & Fink, 1989 !. The sixfold enhancement observed here for acid unfolded Sac7d is consistent with these observations. The small enhancement observed for unfolded protein is sometimes given as an indication of partial structure in a thermally unfolded protein, since enhancement presumably results not only from the presence of hydrophobic groups, but also from hydrophobic patches. For this reason, a greater enhancement has been observed for the molten globule, e.g., about 14-fold in parvalbumin~Fink et al., 1994!, 15-fold in b-lactamase~Goto & Fink, 1989!, and an 18-fold enhancement observed here for a-lactalbumin. The negligible changes in ANS fluorescence observed for the acidand salt-induced folded forms of Sac7d~1.5-fold enhancement for the salt-induced and 0.7 for the acid-induced form! therefore indicate that the acid-and salt-induced states are native like and not molten globular.
The remarkably large chemical shift dispersion observed here for amide 1 H and 15 N chemical shifts in the acid-and salt-induced folded state of Sac7d is similar to that seen for the native state and is in marked contrast to that seen for other protein A-states. For example, a significant loss in dispersion in 1 H chemical shifts upon formation of a molten globule, similar to that seen upon unfolding, has been observed for a-lactalbumin and ribonuclease H1~Baum et al., 1989; Chamberlain & Marqusee, 1998 !, and pronounced collapse of the chemical shift dispersion of 1 H, 15 N HSQC spectra has been described upon molten globule formation for apomyo- globin Kim & Baum, 1998!. We have previously demonstrated that the far-UV CD spectra of Sac7d indicate maintenance of the native secondary structure in the acid-and salt-induced folded states~McCrary et al., 1998!. Titration of the protein from N to U and then to acid-folded state with decreasing pH in low salt leads to a well-defined isodichroic point in the far-UV CD, indicating only two states, N and Ũ i.e., the acid folded state is identical to N!. Similarly, saltinduced folding at pH 2 also shows a single isodichroic point in the far-UV CD. Molten globules typically show negligible thermal transitions upon unfolding by DSC~Yutani & Ogasahara, 1992; Griko et al., 1994; Griko & Remeta, 1999 !. The classic example is the total absence of an endotherm for a-lactalbumin at pH 2 where the acid molten globule is formed~Griko et al., 1994!. In contrast, we have previously shown that thermal unfolding of both acid-and saltinduced folded Sac7d is a cooperative transition as indicated by a well-defined DSC endotherm~McCrary et al., 1996!. The thermal unfolding of both the acid-and salt-induced folded states indicates that these unfold by a two-state transition as monomers. There is no evidence of aggregation of either species. In high salt~i.e., 0.3 M KCl! the T m decreases with decreasing pH to reach a minimum of 58 8C~⌬H vh ϭ 41 kcal0mol, DH cal ϭ 45 kcal0mol! around pH 1.5. The T m increases with a further decrease in pH to give a T m of 63.3 8C at pH 0~DH cal ϭ 44.4, ⌬H vh ϭ 44.7 kcal0 mol!. The variation of T m with pH has been shown to be consistent with the linkage of hydrogen ion and anion binding to a two-state N ? U unfolding reaction~McCrary et al., 1998!.
As far as we are aware, Sac7d is the only protein described to date in which the acid unfolded chain is promoted into the native fold by either acid or salt. Fink et al.~1994! have proposed three classes of proteins in terms of their response to acid and salt. Type I refers to proteins~e.g., b-lactamase, apomyoglobin, cytochrome c! that unfold at low pH~e.g., pH 2! and then refold upon addition of salt to an A-state characterized by native-like secondary structure but little or no tertiary structure. Type II proteins~e.g., a-lactalbumin and carbonic anhydrase! directly form the A-state upon lowering pH without unfolding, and Type III proteins~including T4 lysozyme, chicken lysozyme, and ubiquitin! remain native-like and do not unfold or form an A-state down to pH Ͻ1. Type I proteins were further divided into three classes~A, B, and C! that differ in the extent of acid-induced unfolding and amount of structure in the A-state. In some respects, Sac7d resembles the type IC proteins papain, parvalbumin, and ribonuclease A! that are partially unfolded with a decrease in pH; but acid or salt induce a molten globule in these proteins with little tertiary structure as indicated by loss of the near-UV CD spectrum. Ribonuclease A was an exception in this group and appears to behave more like Sac7d in that it regains most of its tertiary structure in the salt-induced folded state at pH 1.5. The results for Sac7d indicate that a fourth class, Type IV, is required in the Fink classification scheme in which the acid-and salt-induced folded states are identical to the native state. It remains to be seen if RNase A is also a member of this class.
The relative populations of the N, A, and U states for a protein that undergoes acid-induced folding have been summarized by a 2D phase diagram~Goto ! that describes the extent of folding as a function of pH and anion concentration. Goto and Fink~1990! proposed that the features of the phase diagram observed for apomyoglobin would be common for all, or at least most, acid denatured proteins. The functional dependence of the extent of folding Sac7d on temperature, pH, and salt concentration has been previously obtained by fitting a wide array of CD and DSC data to a simple model that includes the linkage of two protonation and two anion binding reactions to protein folding~McCrary et al., 1998!. We use this model here and the fitted parameters to construct a phase diagram for Sac7d by plotting the chloride concentration required to achieve 50% folding as a function of pH~Fig. 8!. The phase diagram is similar to those observed experimentally and predicted for proteins forming acid unfolded states, except that the N-state region encompasses the expected A-state molten globular region.
It is not clear why Sac7d should demonstrate this unique ability to refold to the native state at low pH. As pointed out by Dill and Shortle~1991!, understanding the forces responsible for formation of denatured and compact denatured states may be as difficult as determining those leading to the native state. It may be that the unique behavior of Sac7d is a result of it being highly basic. But a high pI seems an unlikely explanation since a basic protein would be even more positive at low pH and therefore less likely to fold properly. Cytochrome c is also very basic with a pI of 10.6, yet it is an "archetypal" Type IA protein in the Fink classification scheme.
Materials and methods
Sample preparation
Recombinant Sac7d was prepared as described previously~McA-fee et al., 1995!. Bovine a-lactalbumin~Sigma, St. Louis, Missouri! and ANS~Fluka, Buchs, Switzerland! were used without further purification. Protein concentrations were determined spectrophotometrically using published extinction coefficients for Sac7d McAfee et al., 1995! and a-lactalbumin~Kuwajima et al., 1985 !.
ANS fluorescence
Fluorescence spectra were collected with an SLM 8000C spectrofluorimeter with thermostated cell holders at 25 8C. The concentration of protein and ANS were 1 and 250 mM, respectively. Fluorescence emission spectra were obtained by excitation at 390 nm with a bandwidth of 1 nm for both excitation and emission. Sac7d and a-lactalbumin were dialyzed overnight against 1 mM glycinẽ pH 5.6! and diluted into the appropriate buffer for measurements at pH 2 and 7~10 mM KH 2 PO 4 at pH 7.0 or 1 mM glycine at pH 2.0!. Concentrated HCl was used to adjust the pH to 0 using a glass pH electrode. Concentrated KCl~dissolved in the respective buffers! was used to adjust the salt concentration.
Small-angle X-ray scattering
Protein samples were concentrated with Centricon 3~Amicon, Beverly, Massachusetts! concentrators to about 30 mg0mL and washed with 1 mM glycine buffer, pH 7.0 with repeated filling and centrifugation. Ailquots were dialyzed extensively against 0.01 M KH 2 PO 4 adjusted with KOH or HCl to pH 7.0, 2.0, and 0.0 as measured with a pH glass electrode. The dialysate was used to dilute stock solutions of Sac7d to the appropriate concentration and to measure the scattering baseline.
Small angle X-ray scattering data were collected on beamline X12B at the National Synchrotron Light Source, Brookhaven National Laboratory using a MAR 300 image plate located 1.2 m from the quartz capillary tube sample holder. Scattering data were converted to I~Q! vs. Q, where I~Q! is the scattered X-ray intensity and Q is related to the scattering angle 2u by Q ϭ 4p~sin u!0l where l is the X-ray wavelength~1.5 Å!. Scattering data were collected from Q ϭ 0.007 to 0.35 Å Ϫ1 , and the net scattering was determined by subtraction of a normalized scattering profile of dialysate in the same sample cell. Scattering data were measured at 20 8C for protein samples ranging from 10 to 25 mg0mL, and scattering functions divided by concentration were linearly extrapolated to zero protein concentration~Pilz, 1982! using a leastsquares singular value decomposition routine.
The vector length distribution functions P~r! were calculated from the scattering data using an indirect Fourier transform as described elsewhere~Moore, 1980!. The radius of gyration R g was calculated from the second moment of P~r! over the Q range of 0.04 to 0.26 for Sac7d at pH values of 7 and 0. The data for Sac7d at pH 2 exhibited interparticle interference effects that could not be corrected by extrapolating to zero protein concentration and was fit over the Q range of 0.06 to 0.28. R g was also determined using the Guinier approximation to the low Q data~Q Ͻ 0.13!.
The molecular mass of Sac7d was calculated from the small angle X-ray scattering data at zero scattering angle I o and the relation Rance et al., 1983 ! with the transmitter carrier frequency set on the water line~Zuiderweg et al., 1986!, which was suppressed by presaturation with minimal power. Chemical shifts were referenced to DSS indirectly using the water chemical shift.
1 H, 15 N HSQC data were collected on 2.5 mM protein samples in 0.7 mL 90% H 2 O010% D 2 O at 30 8C using a Varian INOVA 500 MHz NMR spectrometer with gradient selection of the 15 N magnetization and minimal perturbation of the water~Kay et Zhang et al., 1994 !. The salt concentration was adjusted with concentrated KCl, and the pH was adjusted with concentrated HCl. Typical data sets consisted of 512 t 1 increments with 1,024 complex data points in the t 2 dimension, with a 1 H spectral width of 6,000 Hz and an 15 N width of 1,700 Hz. Data were apodized with a shifted sine squared window function.
1 H chemical shifts were referenced to internal DSS, and the 15 N chemical shifts were calculated as described by Wishart et where pK is that of the group~or groups! leading to the observed chemical shift perturbation, d AϪ is the chemical shift of the high pH limit, d AH is the shift of the low pH limit, and n is the apparent Hill coefficient.
